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Abstract
Many application problems encountered in the real world are combinatorial (optimization) problems,
e.g., scheduling, allocating problem, assignment problem, and timetabling. Constraint satisfaction problem
(CSP) can naturally formulate these problems. Therefore, an efficient CSP algorithm can solve all such
problems, and can be used as a general problem solver. In this paper, we develop a tabu search based CSP
algorithm, incorporating some elaborations, such as an automatic control mechanism for the tabu tenure,
modification of the penalty function to handle objective functions, and enlargement of the neighborhood by
using shift and swap operations, in addition to the basic building blocks of tabu search.,We will demonstrate
the effectiveness of our CSP algorithm by computational experiment for graph coloring, timetabling, and
nurse scheduling problems.
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CSP , $n$ $X_{i}(i=1,2, \cdots, n)$ $D_{i}$ , $m$ $C\iota(Xl_{1},$ $X_{l_{2}}$ ,
$\ldots,$ $x_{\iota_{l}\iota})(l=1,2, \cdots, m)$ , , $X_{i}$ $j\in D_{i}$
[4, 14, 16, 18]. , $c_{\iota}$ $X\iota_{1},$ $X\iota_{2},$ $\cdots,$ $X\iota t\iota$ ,
$D_{l_{1}}\mathrm{x}D_{l_{2}}\cdots\cross D_{l_{l_{l}}}$ . ,
( ) 1 .
- , $X_{i}$ $j(\in D_{i})$ ,
$x_{ij}=\{$
1, X, $i$ ,
$0$ , ,
, $\sum_{i=1}^{n}|D_{i}|$ 0-1 $x=(x_{ij}|i=1,2, \cdots, n,j\in D_{i})$ . ,
$\sum_{j\in D_{i}}Xij=1$
, $i=1,2,$ $\cdots,$ $n$ , (1)
, $X_{i}$ 1 . , $D_{1}=D_{2}=$
. $=D_{n}=D$ . (1) $x$ CSP ,
, (1) .
, $C_{\mathrm{t}}$ – , , , , ,
, .
, , .
, , CSP 1 . ,
, , , $V’$ V not-equal-values
.
3
, (1) $\mathcal{X}$ , $x\in \mathcal{X}$ $N(x)$ , 1 $X_{i}$
$j$ J $\in D$ $\cdotarrowarrow$ ( , shift ). ,
$c_{\iota}$ , $0$ , (X)
. , $\sum_{i,j}$ aijxij $\leq b$ $\max\{\sum_{i,j}a_{i}jx_{i}j -b, 0\}$ , $V’$ not-equal-values
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, $|V’|-$ $|\{j\in D|\exists X_{i}\in V’, X_{i}=j\}|$ . ,
- $p(x)= \sum lp_{l}(\backslash X)$ , CSP
minimize $p(x)$ (2)
subject to $x\in \mathcal{X}$ ,
. , 6 x\in X , CSP
.
. $|$ , , , ,
, $t$ (tabu tenure ) .
, 1 $0$ $X_{i}$
2 , . ,
, , $X_{i}$
, . , ( ) ,
.
, , aspiration criteria . aspiration
criteria , , ,
, “ ” . , ,
, tabu tenure . , $LTM$ ,
$LTM(xij)$ $0$ 1 ( $X_{i}$ fl )
. , , $LTM$ ,
, $LTM$
. , ,
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first ) best ,
, , . , ,
(greedy method) . ,
, ( ) ,
$p(x)$ . , ,
, , GRASP (greedy randomized adaptive
search procedure) $[5, 13]$ , .
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, tabu tenure $t$ ,
. , $t$ $$ ,
. , ,
, $t$ . 1 ,
( , ) , $t$
, , Reactive tabu search [1]
, . , ,
, ,
, – . , Reactive tabu search.
, CSP . , $X_{i}$
, .
4.1. Tabu tenure
tabu tenure $t$ } $\mathrm{h}$ , – , $t:=t+1$
. . k , x(k-l) $x^{(k)}$
$X^{(k)}$ , k $A^{(k)}$ . , $A^{(0)}:=\phi,A^{(k)}$ $:=$
$A^{()_{\cup}}k-1\{X^{(k)}\}$ . , $k$ , $X^{(k)}$ k $k’(<k)$
, $A^{(k’}$ ) $=A^{(k)}$ , , $A^{(k)}$
, . , , $t$
1 . , $A^{(k)}$ , $t$
, , , , $A^{(k)}:=\phi$
.
, $t$ ( ) ,
( ) $X’$ , X’ ,
, . , X’
, X’
. , , X’
, ,
. , X’ ,
, $t$ 1 .
4.2 Tabu tenure
tabu tenure $t$ . , $-$ ,
$T$ , aspiration criteria , .
, , ,
, aspiration criteria , $t:=t-1$ .
aspiration criteria , aspiration criteria , . $k$
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. $X^{(k’)}\in T(k’<.k)$ k’ $T$ ,
, X( , k’
, $X^{(k’)}$ , .
43
tabu tenure , .
Sun Ultra 2Model 2200 $(200\mathrm{M}\mathrm{H}\mathrm{z})$ , $\mathrm{C}$ . ,
$G(V, E)$ , (
). , CSP , ( ,
$G(V, E)$ k ) . , $\in V$ $X_{i}$
, $D$ $D=\{1,2, \cdots, k\}$ , $e_{l}=(v_{i_{1}}, v_{i_{2}})\in E$ , $c_{\iota:}$ “ $X_{i_{1}}$ $X_{i_{2}}$
” . $c_{\iota}$ , k ,
$X_{i_{1}j}+X_{i_{2}j}\leq 1$ , $j=1,2,$ $\cdots,$ $k$ , (3)
, not-equal-values ,
( , 7\sim 30 ).
, DIMACS , Leighton graph .
, k . tabu tenure $t$ 10, 20, 30
, 10 . , ,
300 . , , ,
. 1 . $|V|,$ $|E|,$ $k$ , , , 10
CPU ( ) , ( ) , 1
(10 ) , (




$-$ , . ,
[6] , ,
. [17] . $\cdot$
5
CSP , , ,
. , CSP . , ,
$c_{i}$’





$t$ : $t$ :
$|V|$ $|E|$ $k$
$t=10$ $t=20$ $t=30$ $t$
3.8 1.4 2.9 1.9
$\mathrm{l}\mathrm{e}450-5\mathrm{a}.\mathrm{C}\mathrm{o}\mathrm{l}$ 450 5714 5 13.26988.4 1928.4 5791.8 2896.9
9/10 3.3 5.3 2.6
$1\mathrm{e}450_{-\mathit{5}}\mathrm{b}.\mathrm{C}\mathrm{o}1$ 450 5734 5 16.7(6.1) 7499.6 11925.8 4686.2
7/10 0.8 0.8 0.9
$\mathrm{l}\mathrm{e}450-5\mathrm{C}.\mathrm{c}\mathrm{o}\mathrm{l}$ 450 9803 5 14.2(10.1) 921.6 1097.7 1264.5
1.5 0.6 0.6 1.3
$1\mathrm{e}450_{-^{5\mathrm{d}.1}}\mathrm{C}\mathrm{o}$ 450 9757 5 32.5
$204\overline{\overline{\mathrm{o}/100}}\mathrm{o}.4648/1^{\cdot}0026\mathit{9}\mathit{7}/1^{\cdot}00/1021815.3$
$1\mathrm{e}450_{-}15\mathrm{a}.\mathrm{C}\mathrm{o}1$ 450 8168 15 14.7(5.1) (8.8) (11.9) (6.3)
0/10 0/10 0/10 0/10
le450-15b.co1 450 8169 15 14.3(4.3) (8.1) (11.8) (5.8)
0/10 110.4 48.8 81.6
$1\mathrm{e}450_{-}15\mathrm{c}.\mathrm{C}\mathrm{o}1$ 450 16680 15 20.8(169.3) 56430.8 32608.6 38275.2
0/10 8/10 78.5 106.1
$1\mathrm{e}450_{-}15\mathrm{d}.\mathrm{c}\mathrm{o}1$ 450 16750 15 21.1(176.1) (0.2) 65036.5 70516.1
142220.0 0.4 .
$1\mathrm{e}450_{-}25\mathrm{a}.\mathrm{C}\mathrm{o}1$ 450 8260 25 46166922872219186. 3148
0.4 0.6 14 0.2
le450-25b.co1 450 8263 25 2125842379559.0 399
0/10 0/10 0/10 0/10
le450-25c.co1 450 17343 25 154(17.0) (20.0) (24.9) (17.7)
0/10 0/10 0/10 0/10 ..
$1\mathrm{e}450_{-}25\mathrm{d}$.col 450 17425 25 156(15.8) (20.2) (24.1) (16.8)
minimize $q(x)=w_{o}f(x)+p(x)$
(5)
subject to $x\in \mathcal{X}$ ,
. , $w$ $>0$ $f(x)$ , . w
, , . w ,
, . $arrow$ , $w_{o}$
.
1 , $z$ $f(x)$ ,
$f(x)\leq z$ , (6)
, . , $z$ ( $f(x)$ )-1





subject to $x\in \mathcal{X}$ ,
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. $w$ $>0$ , (5) , (6) . (5) w
, $z$ , $q(x)=p(x)$ , $f(x)$ $z$
. , (5) .
, 2
$-$
minimize $q(x)=w$ $\{\max(f(x)-Z, 0)+\theta\min(f(X)-z, \mathrm{o})\}+P(X)$
(8).
subject to $x\in \mathcal{X}$ , ..
. , $0\leq\theta\leq 1$ , $\theta=1$ (5) , $\theta=0$ (7)
. $\theta=0.5$ , (5) w , (7)
, w
(5) . , $\theta=0.5$ .
, w . , ,
$[LB, UB]$ w . , 100
, LB (UB ) w $\sigma$ ( $\sigma$ ). ,
$0<LB<UB<1,$ $\sigma>1$ ’ , $LB,$ $UB,$ $\sigma$ . , 1
w , 3 . , w ,
, $LB,$ $UB,$ $\sigma$ . ,




, 2 shift . ,
$\sum_{i}x_{ij}=a_{j}.(_{i\mathrm{E}}^{-}\text{ })$ , $j\in D$ , (9)
, (9) $x$ shift (9) ,
, (9) – . , swap
. swaP , 2 $x_{i_{1}},$ $x_{i_{2}}$ il, $j_{2}(j_{1}\neq j_{2})$ , $X_{i_{1}}$
il $j_{2}$ , $X_{i_{2}}$ $j_{2}$ il .
.
, (9) , .
, S.WaP $O(|V|^{2})$ . , ,
. $arrowarrow$ , (i) shift ,
, Swap , (ii) SWap first . ,
, .
swaP , [15] . , 30
, , . 10 $(T_{1}\sim T_{10})$ , 3 $(R_{1}\sim R_{3})$ ,
. 13 , ,
. , 60 , 30 8
\sim 10 , , .
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, $n=30$ ( ), $d=10$ ( ) $\cross 3$ ( ) CSP






, . , (hard constraint)
(soft constraint) . ,
, 1., 2., 5. . 3., 4. ,
, . , ,
. , $c_{\iota}$ (X) $w_{l}$
$p(x)= \sum_{l}$ wlPl (X) , $Wl$ ( 100), (
1) .
, shift , shift +SWaP 10 .
60 . 2 , , 10 ,
$0,1,2,3,4$ , ,
. , swaP .
2: .
10
$0$ 1 2 3 4
shift$\overline{\overline{\text{ }\mathrm{s}\mathrm{h}\mathrm{i}\mathrm{f}\mathrm{t}1\mathfrak{k}l^{\#}\text{ }-\mathrm{z}0287}}$8856 27 23 4








, [19] . 30
, 60 , 3 , 780 13 (
6 , 4 ) , . , , , ,
, . CSP ,
$n=780+13=793$ , $D=$ { 1, 2, $\cdots,$ $\pm 4$ } $(|D|=34)$ . ,
793 $\mathrm{x}34=26962$ . , ,
, . .
$\bullet$ , 1 .. , 1 , .. , .
$\bullet$ 1 , .
$\bullet$ 2 ( ).
$\bullet$ , 1 2 (2 ).
$\bullet$ 1 2 2 .
12747 .
, 1 300 30 . 3 ,
, , $X_{i}$
. tabu tenure $t$ 5, 10, 20, 30
3 . 1 , , 1
. 3 , 30 , , , $t$ , $t$





$\overline{\overline{\text{ _{}\mathrm{J}};\text{ }x_{+^{\wedge}}\underline{\mathit{5}}\text{ ^{}\backslash }\mathrm{F}19/3025/30.\cdot 24/30..\cdot 10/.3026/30}}t3.2=.5t=2.11.3210$
. $t=20t=3010. $











CSP , $25\cross 30=750$ $D=$ { , .. . , } $(|D|=5)$
. , $750_{\mathrm{X}}5=3750$ . , ,
. , .
$\bullet$ 25 A $\mathrm{B}$ , 13 12 , , A $\mathrm{B}$
6 5 .
$\bullet$ , , $\uparrow$) . ,
A $\mathrm{B}$ .. ( ) .
$\bullet$ , .
$\bullet$ , 1 , .
$\bullet$ . (i) 3 , (ii) 4 , (iii) 5 , (iv)
, , , (V) , , (Vi)
1 , (vii) 1 .
9731 . ,
, . , ,
, , (X) $w_{l}$ ,
. , .
– 1 . , ,
7 , 1 .
8
, , CSP
, . , , ,
, , . ,
, .
1. CSP , – ,
. , CSP . , CSP shift
( swap ) . ,
.
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A ., 7 $/\equiv\equiv/--=/===/--/--/---/-=\equiv\equiv/--/$
$8$ $==//–/–+-=/—=\equiv\equiv/----//---//$
$*\cdot$

















$=$ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 4 4 4
total $\equiv$ 3 3 4 3 3 3 3 433 3 3 3 3 3 3 3 3 4 3 3 3 3 3 3 3 3 4 4 3
$+$ 2 $00000200200300400021000000004$













3. , . ,
, , ,
, . , tabu tenure $t$ ,
. ,
, , .
4. , , , , CSP
backtracking .
5. 6 7 , ,
. , $Pl(X)$ $w_{l}$
, $w\iota$ . , ,
2 , $[9, 10]$ .
6 - , 7
NEC C&C , - , 7
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